Introduction
============

Recent decades have witnessed a significant surge in bacterial resistance to antibiotics due to the tremendous overuse and misuse of antibiotics that was facilitated by the medical community.[@b1-dddt-11-3159] The escalating problem of microbial resistance has been correlated with a sharp decrease in the number of antibacterial drugs currently being developed by pharmaceutical companies, which are experiencing dried research pipelines in regard to the development of novel antimicrobial agents.[@b2-dddt-11-3159] Resistance to antibiotics has reached critical levels with reports of the emergence of panresistant bacteria, consequently setting the stage for humanity to experience the fear of an anticipated postantibiotic era.[@b3-dddt-11-3159] Therefore, a strong need to develop new classes of antimicrobial compounds to limit the problems of microbial resistance is urgently needed.[@b4-dddt-11-3159]

Antimicrobial peptides (AMPs) have gained great interest recently to serve as potential alternatives to conventional antibiotics.[@b5-dddt-11-3159],[@b6-dddt-11-3159] Due to their unique properties such as unique structures, modes of action, and low probability of inducing microbial resistance, AMPs are considered as excellent alternatives to conventional antibiotics. AMPs are amphiphilic cationic peptides and a member of the innate host-defense system of most living organisms, such as plants, bacteria, fungi, and yeast.[@b7-dddt-11-3159]--[@b9-dddt-11-3159] AMPs are small molecules (\<10 kDa), with variable length and amino-acid sequence (10--50 amino acids).[@b10-dddt-11-3159] It is hypothesized that when AMPs come in contact with the cell membranes, AMPs adopt amphiphilic structures that allow them to induce pore formation in target membranes and consequently cause cell death.[@b11-dddt-11-3159] AMPs exhibit a low tendency to induce bacterial resistance, with rapid and potent wide-spectrum antimicrobial activities against a wide range of organisms involving multiresistant Gram-negative and Gram-positive bacteria, parasites, fungi, and viruses.[@b12-dddt-11-3159]--[@b14-dddt-11-3159] The broad-spectrum activity, fast-killing kinetics, and hydrophobicity of these peptides allow AMPs to gain attractive properties with enhanced selectivity and activity toward pathogens.[@b15-dddt-11-3159]

Unfortunately, and despite the initial enthusiasm regarding AMPs as candidate alternatives to antibiotics, many obstacles have limited their development and clinical use. These limitations are attributed to poor stability in biological fluids, due to inactivation by lipoproteins and anionic albumins. Additionally, AMPs have limited antimicrobial target selectivity, which leads to undesirable interactions with host macromolecules and high systemic toxicity.[@b16-dddt-11-3159]--[@b18-dddt-11-3159]

Due to these limitations, most research efforts are currently focused on improving AMP stability and reducing systemic toxicity. In this regard, the encapsulation of AMPs by nanostructures might represent an innovative approach to overcome some problems related to the limited use of AMPs clinically.[@b19-dddt-11-3159],[@b20-dddt-11-3159]

Nanotechnology has witnessed rapid development in many different fields, including infectious diseases and applied microbiology.[@b21-dddt-11-3159],[@b22-dddt-11-3159] Nanotechnology involves structures or materials sized 1--100 nm that exhibit powerful potential leverage for drug-delivery system purposes when compared to traditional delivery systems.[@b23-dddt-11-3159] Nanoparticles (NPs) comprise various biodegradable materials in the nanometric size range, such as natural and synthetic polymers and lipids. NPs can incorporate both hydrophilic and lipophilic drugs, due to their high degree of biocompatibility.

Chitosan (CS) is a biodegradable and biocompatible polycationic polysaccharide with high molecular weight.[@b24-dddt-11-3159],[@b25-dddt-11-3159] CS consists of copolymers of β-1,4-linked [d]{.smallcaps}-glucosamine and *N*-acetyl-[d]{.smallcaps}-glucosamine obtained by the deacetylation of chitin, a natural polymer found in the enormous number of invertebrates and in the cell walls of fungi.[@b25-dddt-11-3159] Many studies have reported the use of CS in both microparticle and NP formulations in novel potential drug-delivery systems. CS is nontoxic and a safe excipient that is constantly employed in drug formulation, and exhibits intrinsic antimicrobial activity against many microorganisms, such as fungi, yeast, and Gram-positive and Gram-negative bacteria.[@b26-dddt-11-3159],[@b27-dddt-11-3159] The encapsulation of AMPs into CS would develop innovative nanotherapeutics in the treatment of microbial infections and possibly provide alternative solutions to the limitations currently hindering the clinical development of AMPs.

Few studies have reported on the use of CS-NPs as a delivery system for AMPs. The use of CS-NPs for delivery of renin substrate I, the cationic amphiphilic peptide that shares the physicochemical properties of many AMPs, resulted in 100% encapsulation efficacy, low burst, and continuous linear kinetic release.[@b28-dddt-11-3159] Another AMP loaded in CS-NP is temporin B (TB). The results indicate that CS-NP encapsulation is correlated with reduced cytotoxicity against mammalian cells.[@b29-dddt-11-3159]

Cationic ultrashort AMPs (USAMPs) consisting of fewer than eight residues are a promising group of AMPs that meet the required criteria of novel antimicrobial drug development due to their unparalleled mode of action, which is a result of their high diversity in regard to peptide length, amino-acid sequence, and structure.[@b30-dddt-11-3159],[@b31-dddt-11-3159] Additionally, USAMPs display high antimicrobial activity, with negligible or very low toxicity against mammalian host cells.[@b32-dddt-11-3159] Developing USAMPs is also attractive because of low production costs, low probability of developing resistance, and low or negligible hemolytic toxicity when compared with the conventional AMPs reported in literature. The production cost is also an advantage of these molecules, due to the short sequence of the peptides.

There are no reported studies demonstrating the application of USAMPs or AMPs into CS-NPs. The present study aimed to evaluate CS's ability to encapsulate USAMPs and evaluate the efficacy of incorporating USAMPs in CS-NPs as molecule carriers for maintaining USAMP activity while reducing mammalian cell toxicity. Additionally, the study aimed to explore the antibiofilm activity of the NP-USAMP combination against strains of biofilm-forming Gram-positive bacteria.

Materials and methods
=====================

Materials
---------

The AMP employed in the present study was the novel in-house-designed potent USAMP named RBRBR. The peptide was rationally designed in house, and resembles no other peptide deposited in official protein databases. It consists of five amino acids (RBRBR). Arginine (R) was chosen to represent the charged moieties, while L-4-phenyl-phenylalanine (B) was incorporated to represent the hydrophobic residues.

The peptide was synthesized using the solid-phase method and fluorenylmethyloxycarbonyl (Fmoc) chemistry, and purified by reverse-phase high-performance liquid chromatography using an acetonitrile--H~2~O--trifluoroacetic acid gradient. The identity of the peptide was confirmed by electrospray-ionization mass spectrometry (GL Biochem, Shanghai, China). Medium-molecular-weight CS (deacetylation \~92%) and sodium tripolyphosphate (TPP) were purchased from Sigma Aldrich (St Louis, MO, USA).

Microorganisms
--------------

The bacterial strains used for the determination and testing of the RBRBR-CS-NP formulation were acquired from the American Type Culture Collection (ATCC). These included *Staphylococcus aureus* (ATCC 29213), which was used as a control strain, and methicillin-resistant *S. aureus* (MRSA; ATCC 33591, 43300). Clinically isolated MRSA (ATCC BAA41) was also employed in this study.

Preparation of blank CS-NPs and RBRBR-CS-NPs
--------------------------------------------

CS-NPs and RBRBR-CS-NPs were prepared with a simple ionic gelation method, as described previously, with slight modifications.[@b28-dddt-11-3159],[@b29-dddt-11-3159] Briefly, CS was dissolved in 1.75% (v:v) acetic acid (1 mg/mL, 5 pH), while TPP was dissolved in water (1 mg/mL). For RBRBR-CS-NP preparation, 500 µg of RBRBR was added to the CS solution. After the addition of 1 mL TPP aqueous solution to 5 mL of the CS solution, the NPs were formed. Formation took place under magnetic stirring, and the mixture was stirred at room temperature for 2 hours. NP suspensions were purified by centrifugation at 2,980 *g* at 4°C for 2 hours.

Characterization of NPs
-----------------------

Dynamic light scattering was used to measure the size distribution of the NPs. Developed NP ζ-potential was evaluated at 25°C in 10 mM phosphate buffered saline (PBS), pH 7.4.

In vitro release kinetics of NPs and evaluation of RBRBR-loading capacity
-------------------------------------------------------------------------

After RBRBR-CS-NP purification, the RBRBR found in the supernatant was evaluated at 562 nm using a Micro BCA protein-assay kit (Thermo Fisher Scientific, Waltham, MA, USA): $$\text{Encapsulation~efficiency} = \frac{\text{Loaded~RBRBR}}{\text{Total~amount}\ (500\mu g)} \times 100$$ $$\text{Loading~content} = \frac{\text{Loaded~RBRBR}}{\text{Dry~weight}} \times 100$$

Purified RBRBR-CS-NPs were redispersed in 1 mL PBS (pH 7.4) and stirred at 37°C in a shaking incubator. The sample was centrifuged at 2,980 *g* 4°C for 2 hours at different intervals. Fresh medium (1 mL) was added to replace the collected supernatant. The Micro BCA protein assay was used to determine the amount of peptide released from the NP formula.

Bacterial susceptibility assay
------------------------------

The number of colony-forming units per milliliter (CFU/mL) of the bacterial strains used in this study after treatment with peptide loaded in CS-NPs was determined to evaluate the efficacy and antimicrobial activity of the peptide-NP formula. Briefly, tryptic soy broth (TSB) was used as the culture medium for bacterial growth, and bacterial strains were diluted to 10^6^ CFU/mL. RBRBR-CS-NPs concentrations of 2.5, 5, and 10 mg/mL were prepared accordingly. The antibacterial activity of each concentration of developed RBRBR-CS-NPs was compared to activity of CS-NPs.

The bacterial suspension of 10^6^ CFU/mL was added to buffer assay at a volume ratio of 1:9. The buffer assay containing both RBRBR-CS-NPs and CS-NPs and bacterial strains was incubated for 4 continuous days at 37°C. After 1-, 2-, 3-, and 4-day intervals, 10 µL from each sample tube were withdrawn, serially diluted, and cultured on sterilized Müller--Hinton agar plates for 24 or 48 hours at 37°C, followed by colony counting. Results are expressed as log~10~ CFU/mL.

Antibiofilm-activity formation
------------------------------

Biofilm formation was performed as reported in earlier studies[@b33-dddt-11-3159]--[@b37-dddt-11-3159] employing the Calgary biofilm device (Innovotech, Edmonton, Canada). Gram-positive *S. aureus* (33591) was left to grow in TSB at 37°C for 20 hours. Then, a concentration of 10^7^ CFU/mL was prepared by diluting the cultures in the same medium. Using 96-peg lids on which the cells of biofilm can build up, 150 µL of that bacteria culture was added to each peg lid to allow the formation of biofilm on the purposed designed pegs, followed by incubating the pegs for 20 hours at 37°C under 125 rpm rotation. Blank lanes were prepared by adding 150 µL TSB to six wells. To discard planktonic cells after biofilm formation, PBS was used to wash pegs three times.

Viable bacterial cell counts after treatment
--------------------------------------------

After washing, each peg lid containing 200 µL of 5 and 10 mg/mL RBRBR-CS-NPs was transferred into a "challenge 96-well microtiter plate". The biofilms in the peg lids were allowed to grow by incubating the plates at 37°C for 9 hours. Peg lids containing only PBS were used as control and PBS only as a blank. After incubation, the pegs were transferred into sterilized Eppendorf tubes containing 500 µL PBS, sonicated for 20 minutes, and 5 µL from each Eppendorf tube was transferred to sterilized labeled agar plates and incubated for 48 hours at 37°C. The number of bacterial colonies was counted, and results are expressed as CFU/mL (%).

Cytotoxicity assays
-------------------

The cell line employed in the present study was the mammalian Vero cell line, acquired commercially form ATCC (ATCC CCL81). The Vero cell line represents immortalized kidney epithelial cells extracted from the African green monkey, formerly called *Cercopithecus aethiops*. Roswell Park Memorial Institute (RPMI) media were employed as culture media for cell growth supplemented with 1% streptomycin--ampicillin and 10% fetal bovine serum (Sigma-Aldrich). The MTT cell-proliferation assay was used to measure the cell-proliferation rate of the peptide-CS-NP-treated cell line.[@b38-dddt-11-3159] For the MTT assay, cells were seeded at 5×10^3^ cells per well in flat-bottomed 96-well plates, and the plates were incubated for 18--24 hours at 37°C under 5% CO~2~. The following day, different concentrations of RBRBR-CS-NPs (2.5, 5, and 10 mg/mL, loaded with 255, 510, and 1,020 µg/mL RBRBR, respectively) were prepared using RPMI as the dissolving media and added to the cells in the plates.

Plates were incubated for 24 hours at 37°C under 5% CO~2~. After 24 hours of treatment, 20 µL MTT solution (2.5 mg/mL) was added to all wells and plates incubated for 2--5 hours at 37°C, 5% CO~2~. After this incubation, the MTT--peptide solution was removed using a 21 gauge needle and a 10 mL syringe. Dimethyl sulfoxide (100 µL) was added to each well and mixed thoroughly by pipetting to dissolve the formazan crystals at the bottom of the wells until a clear purple color was achieved. The plates were then placed on an absorbance microplate reader (BioTek, Winooski, VT, USA) and absorbance measured at *λ*=550 nm.

Erythrocyte-hemolysis assay
---------------------------

For determination of the ability of CS-NPs and RBRBR-CS-NPs to induce hemolysis in human erythrocytes, assays were performed as reported earlier.[@b39-dddt-11-3159] Briefly, PBS containing 2.5, 5, and 10 mg/mL RBRBR-CS-NPs were prepared and compared to free RBRBR (255, 510, and 1,020 µg/mL). Then, 1 mL of each concentration was added to 1 mL of 4% erythrocyte suspension.

Controls were prepared by adding 5 µL Triton X-100 to 1 mL red blood cell (RBC) suspension (positive control), blanks were prepared by adding 1 mL RBC suspension to PBS, and suspensions were incubated with CS-NPs, RBRBR-CS-NPs, and free RBRBR for 60 minutes at 37°C. After the incubation step, tubes were gently vortexed, 1 mL of each sample removed and placed into sterilized Eppendorf tubes, centrifuged for 5 minutes at 3,000 *g*, and 100 µL of each supernatant placed into a well in a 96-well plate. Absorbance was measured at *λ*=450 nm with the aid of the microplate reader. Percentage hemolysis was calculated thus: $$\%\text{hemolysis} = \frac{A - A0}{\text{AX} - A0} \times 100$$where A is OD~450~ with the peptide solution, A0 the OD~450~ of blank (PBS), and AX the OD~450~ of control (0.1% Triton X-100).

Statistical analysis
--------------------

All data-generating experiments involved in this study were performed in triplicate. The values generated in all experiments were compared and analyzed by one-way analysis of variance using the least significant-difference multiple-comparison tests on the means. Differences were reported at the 95% confidence level (*P*\<0.05). Data analysis was conducted using SPSS software version 21.

Results
=======

Preparation and characterization of CS-NPs and RBRBR-CS-NPs
-----------------------------------------------------------

Preparation of CS-NPs and RBRBR-CS-NPs was performed using simple ionic gelation. NPs were analyzed by dynamic light scattering to determine their average diameter. This showed an increase in average NP diameter due to RBRBR loading. The average diameter increased from 104.27±0.5 nm for CS-NPs to 121.13±1.01 nm for RBRBR-CS-NPs ([Table 1](#t1-dddt-11-3159){ref-type="table"}). Size-distribution figures of the CS-NPs and RBRBR-CS-NPs NPs formulated in the study as they were acquired by dynamic light scattering are represented in [Figures S1](#SD1-dddt-11-3159){ref-type="supplementary-material"} and [S2](#SD2-dddt-11-3159){ref-type="supplementary-material"}. Both CS-NPs and RBRBR-CS-NPs exhibited positive ζ-potential values in PBS at pH 7.4 ([Table 1](#t1-dddt-11-3159){ref-type="table"}), which was probably attributable to the cationic nature of CS. Loaded RBRBR significantly decreased the ζ-potential value of the NP formulation ([Table 1](#t1-dddt-11-3159){ref-type="table"}).

Evaluation of RBRBR-loading capacity
------------------------------------

Encapsulation efficacy and loading capacity of RBRBR into CS-NPs were evaluated at 562 nm using the Micro BCA protein assay. The results showed an encapsulation efficacy of 51.33% and loading capacity of 10.17%, for RBRBR ([Table 1](#t1-dddt-11-3159){ref-type="table"}).

In vitro release kinetics of NPs
--------------------------------

Release kinetics of RBRBR from RBRBR-CS-NPs were studied in PBS pH 7.4 for 14 days ([Figure 1](#f1-dddt-11-3159){ref-type="fig"}). According to the DDSolver software program, the best release model that mathematically fitted with this profile was Korsmeyer--Peppas.[@b40-dddt-11-3159] The system exhibited a slow-release pattern followed by progressive linear release for 14 days.

Bacterial susceptibility assay
------------------------------

Preparatory experiments were performed to optimize long-term interval antibacterial activity for CS-NPs and RBRBR-CS-NPs. The optimum concentration of tryptic soy broth (TSB) in PBS for sustaining bacterial growth for 4 days was 1.25% (v:v). Additionally, 5 mg/mL RBRBR-CS-NPs was found to be the optimum concentration to determine the activity of the formula for 4 days.

The 5 mg/mL RBRBR-CS-NP formulation displayed significant antimicrobial activity against all studied bacterial strains. Encapsulated RBRBR-NPs were able to inhibit the growth of all studied bacterial strains employed in this study. Antibacterial activity of RBRBR-CS-NP was assessed by measuring cell viability, expressed as log~10~ CFU/mL for each of the tested bacterial strains. Then, this was compared to 5 mg/mL CS-NPs and to the control.

[Figure 2](#f2-dddt-11-3159){ref-type="fig"} and [Table 2](#t2-dddt-11-3159){ref-type="table"} show the kinetics of the antibacterial activity against the control strain *S. aureus* (ATCC 29213). After incubation, bacteria CFU/mL when exposed to the RBRBR-CS-NPs was significantly reduced for both CS-NPs and the control formulation. At 4 days of exposure, the CFU/mL of RBRBR-CS-NPs showed 3-log reduction when compared to the CS-NP formulation and 5-log reduction when compared to control bacteria.

Other comparisons of the antibacterial activity of RBRBR-CS-NPs to CS-NPs and control were performed against two MRSA strains (ATCC 33591, 43300). Additionally, clinically isolated MRSA (ATCC BAA41) was employed in antimicrobial susceptibility assays. [Figure 3](#f3-dddt-11-3159){ref-type="fig"} and [Table 3](#t3-dddt-11-3159){ref-type="table"} clearly display that all three bacterial strains showed a statistically significant difference in cell viability between RBRBR-loaded CS-NPs and CS-NPs.

Antibiofilm activity
--------------------

The antibiofilm activity of the RBRBR-CS-NP was assessed by evaluating the reduction in viable bacterial cell counts after peptide treatment using the colony-count method. The RBEBR-CS-NP formulation was able to reduce the number of viable bacterial cells compared to the control ([Table 4](#t4-dddt-11-3159){ref-type="table"}). CFU/mL was reduced by 86.5% and 98% for 5 and 10 mg/mL formulations, respectively. Both formulations of RBRBR-CS-NP showed statistically significant differences in cell viability when compared to the control. Percentages of biofilm reduction as CFU/mL are depicted in [Figure 4](#f4-dddt-11-3159){ref-type="fig"}.

Hemolysis assay
---------------

The hemolytic activity of RBRBR-CS-NPs against human erythrocytes (RBCs) was determined to evaluate the peptide--NP formula's toxicity toward normal mammalian cells. In this study, CS-NPs and RBRBR-CS-NPs (2.5, 5 and 10 mg/mL) were incubated with a 4% human erythrocyte suspension and compared to free RBRBR (255, 510, and 1,020 µg/mL).

There was negligible hemolysis for both the CS-NPs and RBRBR-CS-NPs at the concentrations employed in the hemolytic assays ([Table 5](#t5-dddt-11-3159){ref-type="table"}). [Figure 5](#f5-dddt-11-3159){ref-type="fig"} displays the results of the hemolytic assays for all formulations. The percentage hemolysis reported for the RBRBR-CS-NP formulation at the highest concentration employed in the study was 3.6%, while the percentage hemolysis reported for the free peptide was 13.1%. The results of the hemolytic assays clearly indicate that the encapsulation of RBRBR with the NP carrier managed to significantly decrease the hemolytic and toxic activity of the free peptide against mammalian erythrocytes.

MTT cell-proliferation assay
----------------------------

Cell-proliferation assays were performed to measure the anti-proliferative activity of RBRBR-CS-NPs against mammalian cells (Vero), in order to measure the selectivity and toxicity of the developed nanocarrier. Developed NPs managed to limit the toxicity of the same amount of loaded RBRBR against normal cell lines. The half maximal inhibitory concentration (IC~50~) of free RBRBR reported was 187.2 µg/mL ([Figure 6](#f6-dddt-11-3159){ref-type="fig"}). The IC~50~ reported for the RBRBR-CS-NP was 6.62 mg/mL. The data generated from the cell-proliferation assays showed that the cytotoxicity of the RBRBR was reduced significantly when encapsulated in the nanocarrier and the CS nanocarrier managed to shield the cytotoxic activity of the free RBRBR on the growth and proliferation of mammalian cell lines, confirming results from the hemolytic assays ([Figure 7](#f7-dddt-11-3159){ref-type="fig"}).

Discussion
==========

Although the number of resistant bacterial strains and infectious diseases is on the rise, the number of antibiotics being developed and reaching the clinic in the last few decades has declined significantly.[@b41-dddt-11-3159] Due to their potent antimicrobial activity, rapid-killing kinetics, and broad spectrum of activity, AMPs are considered promising alternative agents for forming a new class of antimicrobial agents.

One of the most significant obstacles to the application of AMPs in the treatment of microbial infections is related to their lack of microbial target selectivity and their toxicity against normal cells. Several AMPs display potent antimicrobial activity, but suffer from high toxicity and hemolytic activity against normal cells. To overcome the problems of stability and selectivity of AMPs, research efforts are currently focused on developing technologies to reduce AMP toxicity. One of the promising technologies being explored recently is the use of nanotechnology for the loading and entrapment of AMPs into nanocarriers. The encapsulation of AMPs into nanocarriers could enhance therapeutic activity and selectivity by forming a shield around AMPs and causing equilibrium-mediated sustained release of active molecules directly to bacterial cells.

Recently, several AMPs have been encapsulated into various forms of nanostructures, including nanofibers, nanovesicle-coated metallic NPs, and self-assembled structures. Among these, polymeric NPs represent the most common application for the delivery of AMPs, and are considered as the most promising approach for the therapeutic application of AMPs.[@b42-dddt-11-3159]

Several studies have explored the potential delivery of AMPs using polymeric NPs based on synthetic or natural polymers. However, among the several polymers investigated, CS has been shown to be highly attractive for drug delivery. Due to its bioadhesive property, biodegradation, safety, biocompatibility, and attractive encapsulation of several drugs, CS is studied widely for drug delivery. Ionic gelation represents the most reliable and commonly used method for the preparation of CS-NPs. The method is based on the reversible physical electrostatic cross-linking between positively charged CS and the polyanion TPP.[@b43-dddt-11-3159]

The present work intended to employ recent advances in NP formulation along with the advantage of USAMPs by encapsulating an in-house-designed novel USAMP named RBRBR into CS-NPs to identify if the incorporation of RBRBR into CS-NPs might retain the antimicrobial activity of the peptide while reducing its toxicity, and consequently determine the therapeutic potential of this approach. The formulated RBRBR-CS-NPs were prepared by ionic gelation and evaluated afterward by studying the physicochemical characterization, release kinetics, bacterial susceptibility, antibiofilm formation, and cytotoxicity. Due to the positive charge of CS in acidic media, electrostatic repulsion with the cationic RBRBR was expected to occur. To overcome this anticipated repulsion, the pH was adjusted to 5, in order to reduce the positive charge of CS and enhance the encapsulation process. For better understanding of the interaction among the charged molecule and to evaluate the stability of the nanosystem, ζ-potential was evaluated. The expected positive value of ζ-potentials was observed, due to the cationic charge of CS. This value was significantly decreased (*P*\<0.05) by loading RBRBR into CS-NPs, which was attributed to conformation and rearrangement of the CS charge.

The encapsulation and development of the RBRBR-CS-NPs clearly exhibited nanoscale dimensions accompanied by a statistically significant enhancement in the average diameter of the system when compared to the blank NPs, which confirmed the incorporation of RBRBR into CS-NPs. Interestingly, the nanosystem displayed progressive linear release kinetics that were continuous for a long period. Few studies have evaluated the effectiveness of encapsulating AMPs NPs. For instance, polylactic acid NPs were investigated to incorporate nisin for sustained release and inhibition of *Lactobacillus delbrueckii* growth.[@b44-dddt-11-3159] Poly(lactic-*co*-glycolic acid) (PLGA) NPs have been used to encapsulate LL37 for wound healing and inhibition of *Escherichia coli* growth. The nanosystem showed low loading of LL37 into NPs and high burst release in the first 24 hours of an amount equal to about 40% of the total peptide. Nevertheless, the free LL37 displayed higher antibacterial activity than PLGA-LL37-NPs against *E. coli*.[@b45-dddt-11-3159]

Another AMP that has been loaded into CS-NPs is TB. The results displayed that the encapsulation ensured a burst effect with long-lasting antibacterial effect to prevent the regrowth of residual bacterial cells. The peptide's cytotoxicity against mammalian cells was significantly reduced after encapsulation of TB in CS-NPs.[@b29-dddt-11-3159] Despite the low amount of TB compared to RBRBR into the nanocarrier (116.5 vs 255, 233 vs 510, and 466 vs 1,020 µg/mL in 2.5, 5 and 10 mg/mL CS-NPs, respectively), the RBRBR-CS-NP formulation exhibited significantly lower cell toxicity when compared with TB, which was probably due to the intrinsic low cytotoxicity of USAMPs.

The smallness and low hydrophobicity of USAMPs play a curative role in lowering the toxicity of AMPs in general. These features ensure higher selectivity against bacteria due to the abundance of anionic phospholipids, rather than zwitterion ones that are present in general in erythrocytes and mammalian cells.[@b46-dddt-11-3159] In the present study, the novel RBRBR was loaded into CS-NPs that displayed high-quality features of an improved nanoscale system, including a stable formula, linear release kinetics, and low cytotoxicity.

The antibacterial susceptibility assays carried out in this study showed that RBRBR-CS-NPs were active against wild-type and the multidrug-resistant clinical isolated strains of Gram-positive bacteria. Compared to the peptide-unloaded CS-NPs, RBRBR-CS-NPs demonstrated broader-spectrum and more potent antimicrobial effects against all tested bacterial strains, including the resistant isolates.

Plain CS-NPs were able to inhibit the growth of control strains of Gram-positive bacteria, with a 2.25-log reduction observed at day 4. On the other hand, the developed RBRBR-CS-NPs displayed a 5-log reduction compared to untreated bacteria. It is noteworthy that CS-NPs ensured a burst effect followed by a further 3-log reduction as a result of the released peptide. According to the release pattern, the peptide concentration released from the nanocarrier was responsible for the strong reduction in bacterial cell viability. Therefore, the developed nanosystem employed in this study might possibly provide a synergistic mode of action with regard to antimicrobial effects lasting 4 days. Additionally, RBRBR-CS-NPs significantly inhibited the growth of the multidrug-resistant and clinical isolates of Gram-positive strains for all bacteria employed in the present study.

To the best of our knowledge, there are no reports in the literature that have evaluated an AMP-NP formula for inhibition of biofilm formation. The antibiofilm activity of RBRBR-CS-NPs was determined using viable bacterial cell counts after treatment. The nanoscale system displayed potent antibiofilm activity against the formed biofilms of bacterial strains that were employed in this study. Used at concentrations of 5 and 10 mg/mL, RBRBR-CS-NPs were able to inhibit viable cell growth within 9 hours by 87% and 98%, respectively.

With regard to the role of the nanosystem in toxicity management of free RBRBR, cytotoxicity assays, MTT cell proliferation, and erythrocyte hemolysis achieved promising results. The toxicity of RBRBR against the normal mammalian cell line and human erythrocytes was reduced significantly by peptide incorporation into the nanocarrier system. The improvement in toxicity profile and selectivity index in the nanosystem formulation can be attributed to the positive charge and improved binding to microbial membranes. The positive charge influences the electrostatic binding of the nanosystem to its target cell, and consequently facilitates the killing mechanism.

CS-NPs were acting here as nanoscale carrier to deliver the RBRBR directly to its target surface. In the present work, the encapsulation not only protected RBRBR from the external environment but also ensured a high abundance of peptide concentration at bacterial surfaces. As such, RBRBR-CS-NPs exhibit potent antibacterial activity with negligible toxicity.

In conclusion, our results demonstrate that the use of nanotechnology represented by the nanocarrier system employed in this study could be employed as an innovative therapeutic essentially based on CS-NPs loaded with novel USAMP to inhibit bacterial growth and proliferation. The results of the antimicrobial studies performed here indicate that RBRBR-CS-NPs have potent selective and long-acting activities against a wide range of Gram-positive bacteria, including the clinical isolates of the resistant strains of *S. aureus*. The results obtained from the hemolytic and MTT assays indicate that RBRBR loaded into nanocarriers exerts minimal toxicity against human erythrocytes and normal mammalian cell lines and has significant selectivity against microbial cells when compared to free RBRBR. The encapsulation of AMPs in NPs would provide an innovative and promising approach in AMP-delivery application.
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Size-distribution analysis by dynamic light scattering for RBRBR-CS-NPs.
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![Release kinetics of RBRBR from RBRBR-CS-NPs in PBS, pH 7.4, 37°C.\
**Abbreviations:** CFU, colony forming unit; CS-NPs, chitosan nanoparticles; PBS, phosphate buffered saline; RBRBR, novel in-house-designed potent ultrashort antimicrobial peptide.](dddt-11-3159Fig1){#f1-dddt-11-3159}

![Antibacterial activity of RBRBR-CS-NPs against control-strain *Staphylococcus aureus* (ATCC 29213).\
**Notes:** Data expressed as mean ± SEM of three independent experiments. \**P*\<0.05 compared to RBRBR-CS-NPs.\
**Abbreviations:** ATCC, American Type Culture Collection; CFU, colony forming unit; CS-NPs, chitosan nanoparticles; RBRBR, novel in-house-designed potent ultrashort antimicrobial peptide.](dddt-11-3159Fig2){#f2-dddt-11-3159}

![Antibacterial activity against MRSA strains.\
**Notes:** Data expressed as mean ± SEM of three independent experiments. \**P*\<0.05 compared to RBRBR-CS-NPs.\
**Abbreviations:** ATCC, American Type Culture Collection; CS-NPs, chitosan nanoparticles; MRSA, methicillin-resistant *Staph ylococcus aureus*; RBRBR, novel in-house-designed potent ultrashort antimicrobial peptide.](dddt-11-3159Fig3){#f3-dddt-11-3159}

![Antibiofilm activity of RBRBR-CS-NPs represented as % of viable bacterial cells/positive control after treatment.\
**Notes:** Results are the mean values ± SEM of three independent experiments. \**P*\<0.05 compared to control.\
**Abbreviations:** CFU, colony forming unit; CS-NPs, chitosan nanoparticles; RBRBR, novel in-house-designed potent ultrashort antimicrobial peptide.](dddt-11-3159Fig4){#f4-dddt-11-3159}

![Hemolytic activity of RBRBR-CS-NPs against human red blood cells.\
**Notes:** Data expressed as means ± SEM of three independent experiments. \**P*\<0.05 compared to RBRBR-CS-NPs.\
**Abbreviations:** CS-NPs, chitosan nanoparticles; RBRBR, novel in-house-designed potent ultrashort antimicrobial peptide.](dddt-11-3159Fig5){#f5-dddt-11-3159}

![Cytotoxicity range of free RBRBR concentrations after treatment with Vero mammalian cell line.\
**Note:** Free RBRBR IC~50~ 187.2 µg/mL after 24 hours of incubation.\
**Abbreviations:** CS-NPs, chitosan nanoparticles; IC~50~, half maximal inhibitory concentration; RBRBR, novel in-house-designed potent ultrashort antimicrobial peptide.](dddt-11-3159Fig6){#f6-dddt-11-3159}

![Cytotoxicity of RBRBR-CS-NPs vs free RBRBR.\
**Note:** \**P*\<0.05 compared to RBRBR-CS-NPs.\
**Abbreviations:** CS-NPs, chitosan nanoparticles; RBRBR, novel in-house-designed potent ultrashort antimicrobial peptide.](dddt-11-3159Fig7){#f7-dddt-11-3159}

###### 

Characterization of CS-NPs and RBRBR-CS-NPs

  Formulation    ζ-Potential (mV ± SD)   Size (nm ± SD)   PDI[a](#tfn1-dddt-11-3159){ref-type="table-fn"}   EE (% ± SD)   Loading (% ± SD)   Yield (% ± SD)
  -------------- ----------------------- ---------------- ------------------------------------------------- ------------- ------------------ ----------------
  CS-NPs         42.3±3.42               104.27±0.5       0.255                                             NA            NA                 38.66±1.25
  RBRBR-CS-NPs   33.2±2.6                121.13±1.01      0.272                                             51.33±1.52    10.17±0.2          38.61±0.55

**Note:**

Diameter-distribution peak.

**Abbreviations:** CS-NPs, chitosan nanoparticles; EE, encapsulation efficacy; NA, not applicable; PDI, polydispersity index.

###### 

Antibacterial activity of RBRBR-CS-NPs against control-strain *Staphylococcus aureus* (mean ± SD)

  Day   5 mg/mL RBRBR-CS-NPs (Log CFU/mL)   5 mg/mL CS-NPs (Log CFU/mL)   Positive control (Log CFU/mL)
  ----- ----------------------------------- ----------------------------- -------------------------------
  0     5.7                                 5.7                           5.7
  1     4.7±0.072                           5.05±0.043                    7.01±0.01
  2     4.3±0.045                           4.988±0.011                   7.017±0.01
  3     3.39±0.088                          4.9±0.054                     6.974±0.01
  4     2.13±0.17                           4.77±0.073                    7.02±0.018

**Abbreviations:** CFU, colony forming unit; CS-NPs, chitosan nanoparticles; RBRBR, novel in-house-designed potent ultrashort antimicrobial peptide.

###### 

Antibacterial activity of RBRBR-CS-NPs against MRSA strains (mean ± SD)

  ATCC    5 mg/mL RBRBR-CS-NPs (Log CFU/mL)   5 mg/mL CS-NPs (Log CFU/mL)   Positive control (Log CFU/mL)
  ------- ----------------------------------- ----------------------------- -------------------------------
  33591   2.72±0.045                          4.96±0.052                    6.99±0.017
  34400   2.84±0.062                          4.95±0.052                    7±0.036
  BAA41   2.99±0.043                          5.06±0.026                    7.023±0.012

**Abbreviationss:** ATCC, American Type Culture Collection; CFU, colony forming unit; CS-NPs, chitosan nanoparticles; MRSA, methicillin-resistant *Staphylococcus aureus*; RBRBR, novel in-house-designed potent ultrashort antimicrobial peptide.

###### 

Antibiofilm activity of RBRBR-CS-NPs compared to CS-NPs and control (mean ± SD)

  5 mg/mL RBRBR-CS-NPs (Log CFU/mL)   10 mg/mL CS-NPs (Log CFU/mL)   Positive control (Log CFU/mL)
  ----------------------------------- ------------------------------ -------------------------------
  2.66±0.15                           1.75±0.052                     3.54±0.63

**Abbreviations:** CFU, colony forming unit; CS-NPs, chitosan nanoparticles; RBRBR, novel in-house-designed potent ultrashort antimicrobial peptide.

###### 

Hemolytic activity of RBRBR-CS-NPs against human red blood cells (mean ± SD)

  RBRBR µg/mL   Plain CS-NPs (% hemolysis)   RBRBR-CS-NPs (% hemolysis)   Free RBRBR (µg/ml)
  ------------- ---------------------------- ---------------------------- --------------------
  255           0.27±0.58                    0.87±0.2                     4.24±0.21
  510           0.83±0.26                    2.87±0.87                    11.11±1.17
  1,020         2.01±0.29                    3.61±0.45                    13.06±0.48

**Abbreviations:** CS-NPs, chitosan nanoparticles; RBRBR, novel in-house-designed potent ultrashort antimicrobial peptide.
